α-glucosidase activity was defined as the amount of enzyme able to hydrolyze 1 μmol of maltose in 1 1 min under these conditions. 2 3 2.7.2 Optimal pH 4
Enzyme activity was measured at various pH values. As the reaction buffer, 80 mM Britton-5
Robinson buffer (pH 4.6-9.0) was used. The other reaction conditions were the same as for the 6 standard assay method for each enzyme. 7 8 2.7.3 Heat and pH stability 9
Residual activity was measured after heat and pH treatment to evaluate the stability ranges of the 10 temperature and pH, respectively. In the heat treatment, 30 μL of a mixture containing enzyme, 67 11 mM sodium phosphate buffer (pH 6.5), and 0.33 mg/mL BSA was incubated at 30-70°C for 15 min. 12
In the pH treatment, 20 μL of a mixture containing enzyme, 100 mM Britton-Robinson buffer (pH 13 3.4-11.1), and 0.5 mg/mL BSA was incubated at 4°C for 24 h. Maltose, kojibiose (Wako Pure Chemical Industries), nigerose (Wako Pure Chemical Industries), 17 neotrehalose (Hayashibara, Okayama, Japan), isomaltose (Tokyo Chemical Industry, Tokyo, Japan), 18 trehalose (Hayashibara), and pNPG (Nacalai Tesque) were tested as substrates. Reaction rates 19 towards 1 mM substrate other than pNPG were measured under the conditions of the standard 20 enzyme assay. In the reaction with pNPG, the enzyme reaction was terminated by the addition of 100 21 μL of 1 M Na 2 CO 3 , and the p-nitrophenol liberated was determined from A 400 using ε 1 mM, 400 nm = 22 5.56, which was determined with the authentic p-nitrophenol (Kanto Chemical, Tokyo, Japan). 23 24 2.7.5 Kinetic parameters for the hydrolysis of various substrates Maltooligosaccharides other than maltose were purchased from Nacalai Tesque. A reaction mixture 1 (50 μL), consisting of an appropriate concentration of enzyme, substrate, 42 mM sodium phosphate 2 buffer (pH 6.5), and 0.2 mg/mL BSA, was incubated at 37°C for 10 min. Substrate concentrations 3 were as follows: 0.2-2 mM for maltose, maltotriose, and maltotetraose; 1-10 mM for the other 4 substrates. The enzyme reaction was terminated and liberated D-glucose was measured as described 5 in the section 2.7.1. The Michaelis-Menten equation was fitted to the reaction rates obtained using 6 Grafit version 7.0.2 (Erithacus Software, East Grinstead, UK). 7 8 2.8 Transglucosylation 9
A reaction mixture (1 mL) containing enzyme (0.75 U), 440 mM maltose, and 10 mM MES-NaOH 10 buffer (pH 6.5) was incubated at 37°C. Two hundred microliters of the sample was taken at the 11 indicated times, and the reaction was terminated by heating at 100°C for 10 min. The distribution of 12 the degree of polymerization (DP) was analyzed by high performance liquid chromatography under 13 the following conditions: injection volume, 10 μL (5-fold diluted sample); column, Aminex HPX42A 14 (7.8 mm I.D. × 300 mm, Bio-Rad, Hercules, CA), column temperature, 75°C; elution, water; flow 15 rate, 0.5 mL/min; detection, refractive index. High performance anion exchange column 16 chromatography was used to analyze the transglucosylation product at 48 h. The analytical 17 conditions were: column, CarboPac PA1 (4 mm I.D. × 250 mm, Dionex, Sunnyvale, CA, USA); 18 elution, 100 mM NaOH; flow rate, 0.8 mL/min; detection, pulsed amperometry. 19 20 2.9 Comparison of amino acid sequence of BspAG31A with GH31 enzymes 21
To compare the amino acid sequences, a multiple-sequence alignment of BspAG31A and GH31 22 enzymes was constructed with a MAFFTash program [22] . Bacterial strain SW20, producing α-glucosidase (maltose-hydrolyzing enzyme), was isolated from 7 soil sampled near a hot spring in Hokkaido, Japan. The partial sequence of the 16S rDNA of SW20 8
(1,389 bp) was 96.3% identical with that of Bacillus cytotoxicus NVH391-98, and thus the SW20 9 strain was designated as a Bacillus sp. This bacterial strain was deposited at Laboratory of Culture 10
Collection of Microorganisms, Faculty of Agriculture, Hokkaido University (Sapporo, Japan) as 11 AHU 2001. α-Glucosidase was purified to homogeneity from the cell-free extract of Bacillus sp. 12 AHU 2001 by four steps of column chromatography, and 79.8 μg of purified enzyme (28.7 U/mg) 13 was obtained (Fig. S1 ). The molecular mass of this enzyme was estimated at 91.3 kDa by 14
SDS-PAGE. 15
The N-terminal amino acid sequence of this enzyme, determined by the Edman degradation, was 16
Met-Leu-Gln-Asp-Thr-Ser-Phe-Ala-Ile-Met-Pro-Asp-Lys-Glu, which is similar to GH family 31 17 α-glucosidases. The partial BspAG31A gene (1,221 bp) was obtained by PCR using primers 18 designed from this N-terminal sequence and region A of Bacillus GH31 α-glucosidases 19 (Trp-Asn-Asp-Met-Asn-Glu-Pro) [25] , and the genomic DNA as the template. Upstream and 20 downstream regions of the obtained sequence were obtained by an inverse PCR method, and in total, 21 9,008 bp of nucleotide sequence, including full-length BspAG31A (2,373 bp), was determined. 22
Two (malA and malB) and three open reading frames (malC, malD, and malE) were found 23 upstream and downstream of BspAG31A, respectively ( Fig. 1 ). The obtained nucleotide sequence of 24 malA, malB, BspAG31A, malC, malD, and malE were deposited in the DDBJ database under 25 accession numbers AB971787, AB971788, AB971789, AB971790, AB971791, and AB971792, 26 respectively. The amino acid sequence of MalA was 56% identical with Brachybacterium faecium permeases of the ABC-type sugar transport system [National Center for Biotechnology Information 1 (NCBI) code, YP_003153876.1], and that of MalB was 54% identical with the B. faecium ABC-type 2 sugar transport system permease component (NCBI code, YP_003153875.1). Thus, these proteins 3 are predicted to be involved in the uptake of maltooligosaccharides. The sequence identity of MalC 4 with the Bacillus cereus maltose operon transcriptional repressor (NCBI code, YP_003793713) was 5 78%, and that of MalD with the B. cereus maltose operon transcriptional repressor (NCBI code, 6 NP_980355.1) was 53%. The amino acid sequence of MalE was 46-52% identical with those of 7
characterized MPs belonging to GH65. Although maltooligosaccharides can be hydrolyzed 8 completely to D-glucose only by BspAG31A, the presence of MalE indicates that a part of maltose, 9
resulting from the hydrolysis of maltooligosaccharides catalyzed by BspAG31A, is metabolized 10 thorough phosphorolysis. 11
BspAG31A encoded 790 amino acid residues of the polypeptide. The N-terminal sequence of the 12 deduced amino acid sequence was completely identical with the sequence obtained by the 13 N-terminal sequence analysis of purified BspAG31A. The molecular mass of BspAG31A predicted 14 from the amino acid sequence was 91251.24 Da, which coincided well with that of purified 15
BspAG31A. The amino acid sequence of BspAG31A showed high sequence identity to bacterial 16 GH31 α-glucosidases. The sequence identity of BspAG31A to characterized bacterial GH31 17 Recombinant BspAG31A showed the highest activity at pH 6.8 (activities close to the optimal 10 activity were maintained between pH 6.3 to 6.8), similar to BtAG, which is most active at neutral pH 11
[34]. This enzyme retained over 90% of its original activity between pH 4.2-9.9 (at 4°C for 24 h) 12 and below 45°C (at pH 6.5 for 15 min). 13 14
Substrate specificity of recombinant BspAG31A 15
BspAG31A showed high regioselectivity for the α-(1→4)-glucosidic linkage, but had relatively 16 high activity towards nigerose [α-(1→3)], kojibiose [α-(1→2)], and neotrehalose (α1↔β1): reaction 17 rates for 1 mM maltose, kojibiose, nigerose, and neotrehalose were 30.7 ± 0.2 s −1 (100%), 3.83 ± 18 0.12 s −1 (12%), 7.63 ± 0.45 s −1 (25%), and 7.43 ± 0.21 s −1 (24%), respectively. The k cat /K m values for 19 kojibiose, nigerose, and neotrehalose were 6.3%, 15%, and 13% of that for maltose, respectively 20 (Table 2 ). The k cat for neotrehalose was almost two-fold higher than kojibiose and nigerose. To the 21 best of our knowledge, BspAG31A is the first α-glucosidase with hydrolytic activity toward 22 neotrehalose. The reaction velocity for the hydrolysis of 1 mM isomaltose is very low, 0.157 ± 0.009 23 s −1 (0.51% of that for maltose). The k cat /K m for isomaltose, 0.185 s −1 mM −1 , was 0.26% of that for 24 maltose. Trehalose and pNPG were not hydrolyzed at all. Compared with BtAG [34], which has high 25 sequence identity with BspAG31A, BspAG31A has higher preference for the α-(1→2)and 26 α-(1→3)-glucosidic linkages and lower preference for the α-(1→6)-glucosidic linkage.
Recombinant BspAG31A had the highest k cat /K m value for maltotriose among the 1 maltooligosaccharides. The k cat /K m value for maltooligosaccharides longer than maltotriose 2 decreased with an increasing DP, mainly because of the increasing K m value. In particular, the k cat /K m 3 value for maltopentaose was 5.0-fold lower than that for maltotetraose. BspAG31A was incubated with 440 mM maltose, and the distribution of the reaction product DP was 8 monitored ( Fig. 3A) . At the initial stage of the reaction, the transglucosylation products with DP of 9 3-5 were detected: at 3 h, the concentrations of products of DP3, DP4, and DP5 were 78, 13, and 0.2 10 mM, respectively. Transglucosylation products higher than DP2 were degraded at the late stage of the 11 reaction, presumably because of hydrolysis, but the concentration of DP2 was only minimally 12 changed. High performance anion exchange column chromatography analysis revealed that kojibiose, 13 nigerose, isomaltose, and neotrehalose were generated over 48 h through transglucosylation, in 14 which D-glucose served as the acceptor (Fig. 3B ). Isomaltose, which was a poor substrate for the 15 hydrolysis of BspAG31A, remained as the main product after further incubation (data not shown). In Trp drastically enhanced hydrolytic activity towards isomaltose (Table 2) . Y268W showed a 2.0-fold 16 higher k cat and 7.4-fold lower K m for isomaltose. The Y268W mutation reduced the hydrolytic 17
activity toward the other substrates tested. The decrease of hydrolytic activity toward 18 maltooligosaccharides was more pronounced than those of kojibiose, nigerose, and neotrehalose, 19 resulting in 5.8-, 4.7-, and 3.5-fold higher k cat /K m values (relative to maltose) for these substrates 20 than for wild type, respectively. Conversely, for S. occidentalis α-glucosidase, the hydrolytic 21 activities toward isomaltose, nigerose, and kojibiose were decreased to a greater extent by the 22 W324Y mutation than that for maltose [35] . L. johnsonii NCC533 α-(1→3)-glucosidase, with 23 hydrolytic activity toward α-(1→2)-, α-(1→4)-, and α-(1→6)-linkages in addition to the 24 α-(1→3)-linkage [11] , has Trp262 at the position corresponding to Tyr268 of BspAG31A (Table 1) . 25
These findings indicate that the Trp residue on the β→α loop 1 plays a role in the recognition of for high specificity to α-(1→4)-linkage. for long-chain substrates through an increase in the affinity at subsite +3. From these kinetic 8 experiments of mutant enzymes, the aromatic amino acid residue on the N-loop is considered to be 9 important for the preference for long-chain substrates via interaction at subsites +2 and +3. In 10 CjAdg31B, Tyr179 on the N-loop forms the tyrosine clamp with Tyr376 on β→α loop 3 of the 11 catalytic domain, and these aromatic residues form van der Waals contacts with glucosyl residue at 12 subsite +2 [24] . Similarly, BspAG31A has aromatic residues, Tyr173 and Trp370, at the 13 corresponding position of Tyr179 and Tyr376 of CjAdg31B, respectively ( Table 1 and Fig. 2 ). As 14 shown in Table 1 , Trp residue situated on the long β→α loop 3 of the catalytic domain is completely 15 conserved in GH31 α-glucosidases. In several α-glucosidases, the Trp residue on β→α loop 3 16 contacts with substrates at the −1 and +1 subsites [29, 31, 32] . In this study, mutant BspAG31As, 17 Y173A and W370A, were characterized. As observed for the mutant enzymes of sugar beet 18 α-glucosidase, Y173A mutant of BspAG31A showed reduced preference for trisaccharides (Table 2) , 19
indicating that Tyr173 is involved in the substrate binding at subsite +2. This result is consistent well 20 with the prediction from the model structure. In contrast to mutant enzymes of sugar beet 21 α-glucosidase, for the Y173A mutant, the k cat /K m values for maltooligosaccharides longer than 22 maltotriose decreased to a lesser extent with an increasing DP compared with wild type. Thus the 23 substrate binding mode of maltooligosaccharides with ≥DP4 might be modified through elimination 24 of an aromatic side chain on the N-loop. W370A mutation resulted in large loss of affinity for 25 maltose (k cat , 1.95 ± 0.16 s −1 ; K m , 21.5 ± 3.2 mM, which were 28-fold lower and 29-fold higher than 26 those of wild type, respectively). This result indicates that the conserved Trp on β→α loop 3 is fundamentally important for substrate binding. 1
Both BspAG31A and BtAG have high regioselectivity for the α-(1→4)-linkage in hydrolytic 2 reactions, but these enzymes show different specificity for other glucosidic linkages. Upon 3 comparison of their amino acid residues predicted to be located near the active sites, only Val543 4 and Glu545 of BspAG31A are different from the corresponding amino acid residues of BtAG (Ala 5
and Gly are at the positions, respectively), although these amino acid residues do not appear to 6 directly interact with the substrate (Fig. 2) . The BspAG31A V543A mutant showed similar 7 preference for the α-(1→6)-linkage to the wild type, but E545G showed slightly higher hydrolytic 8 velocity for isomaltose relative to that for maltose than the wild type. The reaction velocities of wild 9 type, V543A, and E545G for 1 mM maltose were 30.7 ± 0.2 s −1 , 56.5 ± 2.2 s −1 , and 27.2 ± 1.3 s −1 , 10 respectively, while those for 1 mM isomaltose were 0.157 s −1 (0.51% of velocity for maltose), 0.244 11 ± 0.003 s −1 (0.43%), and 0.281 ± 0.014 s −1 (1.0%), respectively. Therefore, Gly546 of BtAG might 12 partly contribute to the hydrolytic activity toward α-(1→6)-linked substrates. The E545G mutant 13 showed similar kinetic parameters for maltooligosaccharides, kojibiose, and neotrehalose to those of 14 the wild type (only k cat and K m of E545G for nigerose were approximately equal to twice those of 15 wild type) ( Table 2 ). V543A showed higher catalytic efficiencies (1.8-3.5-fold of those of wild type) 16
for hydrolysis of all substrates tested except for neotrehalose compared with wild type. The k cat /K m 17 of V543A for neotrehalose was 74% of that of the wild type, resulting in a large reduction of 18 preference for this substrate. The predicted position of Val543 in AG31G was too distant from the 19 substrates to interact directly with them ( Fig. 2A) 
Conclusion 24
In this study, we found a GH31 α-glucosidase, BspAG31A, from soil bacterium, Bacillus sp. 25 phosphorylase. Recombinant BspAG31A produced in E. coli had high regioselectivity for 1 α-(1→4)-glucosidic linkage at the non-reducing end of substrates, but it showed relatively high 2 activity towards nigerose, kojibiose, and neotrehalose. Hydrolytic activity toward neotrehalose has 3 been first found in BspAG31A. Mutational analysis of BspAG31A revealed that Tyr268 on β→α 4 loop 1 is important for high specificity to α-(1→4)-linked substrate; Tyr173 on N-loop is involved in 5 the formation of subsite +2 and regulates specificity for substrate chain-length; and Trp370 on β→α 6 loop 3 is fundamentally important for substrate binding. BspAG31A showed structural similarity to 7
CjAgd31B, predominantly catalyzing transglucosylation. This suggests that partial structural 8 elements determine the reaction specificity (hydrolysis or transglucosylation). Further structural and 9 mutational analyses of BspAG31A would reveal the molecular basis of the reaction specificity. 10
Site-directed mutations, introduced based on comparison of the amino acid sequences between 11
BspAG31A and BtAG, did not significantly change the specificity for glucosidic linkage, suggesting 12 that indirect interactions are also important for substrate specificity. Thus precise comparison of 13 three-dimensional structures of BspAG31A and BtAG is required to understand the difference of 14 substrate specificity of these enzymes.  AG31A hydrolyzed maltooligosaccharides, nigerose, kojibiose, and neotrehalose.
 Isomaltase activity of AG31A was enhanced by substitution of Tyr268 with Trp.
 Y173A showed higher preference for long-chain substrate than wild type. 
